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Contiguous finished sequence from highly duplicated pericentromeric regions of human chromosomes is needed
if we are to understand the role of pericentromeric instability in disease, and in gene and karyotype evolution.
Here, we have constructed a BAC contig spanning the transition from pericentromeric satellites to genes on the
short arm of human chromosome 10, and used this to generate 1.4 Mb of finished genomic sequence. Combining
RT-PCR, in silico gene prediction, and paralogy analysis, we can identify two domains within the sequence. The
proximal 600 kb consists of satellite-rich pericentromerically duplicated DNA which is transcript poor,
containing only three unspliced transcripts. In contrast, the distal 850 kb contains four known genes (ZNF248,
ZNF25, ZNF33A, and ZNF37A) and up to 32 additional transcripts of unknown function. This distal region also
contains seven out of the eight intrachromosomal duplications within the sequence, including the p arm copy of
the ∼ 250-kb duplication which gave rise to ZNF33A and ZNF33B. By sequencing orthologs of the duplicated ZNF33
genes we have established that ZNF33A has diverged significantly at residues critical for DNA binding but ZNF33B
has not, indicating that ZNF33B has remained constrained by selection for ancestral gene function. These results
provide further evidence of gene formation within intrachromosomal duplications, but indicate that recent
interchromosomal duplications at this centromere have involved transcriptionally inert, satellite rich DNA,
which is likely to be heterochromatic. This suggests that any novel gene structures formed by these
interchromosomal events would require relocation to a more open chromatin environment to be expressed.

[Supplemental material is available online at www.genome.org and also at http://www.ncl.ac.uk/ihg/10p11.htm.
The sequence data from this study have been submitted to EMBL under accession nos. AL391686, AL161931,
AL133350, AL121927, AL132657, AL135791, AL132659, AL117337, AL117339, AL132658, AL133217, AL133216,
AJ245587, AJ245588, AJ251655, AJ275023–AJ275036, AJ250940–AJ250950, AJ275024–AJ275036, AJ492195,
AJ492196, AJ491691–AJ491697. The following individuals kindly provided reagents, samples, or unpublished
information as indicated in the paper: W. Amos.]

Despite the publication of the draft sequence (IHGSC 2001;
Venter et al. 2001) there are still significant obstacles to be
overcome if the sequence map of the human genome is to be
completed and accurately annotated. One of the most press-
ing of these obstacles is the poor quality of data close to hu-
man centromeres and telomeres where it has proved particu-
larly difficult to construct clone-based maps. Recently, there
has been a concerted effort to anchor telomeres to sequence

data using half-YAC clones which has resulted in the success-
ful integration of 32 telomeres within the working draft
(Reithman et al. 2001). In contrast, pericentromeric satellites
and the DNA flanking them remain poorly represented
within finished human sequence.

Pericentromeric satellites, which include the classical sat-
ellites and � satellite, can form homogeneous arrays several
megabases in length and one or more of these arrays is linked,
at the level of cytogenetic resolution, to the centromeric �

satellite on most human chromosomes (for review, see Lee et
al. 1997). Although pericentromeric satellites have no known
function, the fact that repetitive sequences can repress tran-
scription in a wide variety of eukaryotes (Henikoff 1990; Milot
et al. 1996), and that transcriptional inactivation can involve
physical relocation of sequences to centromeric domains (An-
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drulis et al. 1998; Garrick et al. 1998; Francastel et al. 1999),
suggests that they play a role in the modulation of gene ex-
pression. It is also now clear that sequences close to these
satellites are unusual in that they are prone to duplication
both within and between chromosomes, and it is this which
has hampered mapping efforts. For instance, analysis of the
human draft sequence has established that pericentromeric
DNA is enriched 3.1-fold for intrachromosomal duplications,
and 4.5-fold for interchromosomal duplications (Bailey et al.
2001), while analysis of chromosome 22 has established that
more than 50% of interchromosomal duplications on this
chromosome are located in the most centromeric 1.5 Mb of
sequence (Bailey et al. 2002).

Many of the intrachromosomal duplications in pericen-
tromeric regions are members of chromosome-specific low
copy repeat families (LCRs), some of which are responsible for
common microdeletion/duplication syndromes (for review,
see Stankiewicz and Lupski 2002). These appear to have
formed relatively recently during primate evolution (Keller et
al. 1999; Park et al. 2002). In contrast, pericentromeric inter-
chromosomal duplications characterized to date have no as-
sociated pathology. However, these duplications are of evolu-
tionary interest for several reasons. First, they evolve by an
unusual two-step process termed pericentromeric directed du-
plication (Eichler et al. 1997), where initial duplication into a
centromere proximal location is followed by repeat-mediated
duplication between chromosomes (Horvath et al. 2000b;
Luitjen et al. 2000). Consistent with this, the distribution of
some duplications correlates with the distribution of specific
repeats including � satellite superfamily 2 (Regnier et al.
1997), CAGGG repeats (Eichler et al. 1999) and satellite 3
(Guy et al. 2000). Second, repeated rounds of duplication
have created tracts of pericentromeric sequence where exons
from different genes have been juxtaposed, which has led to
the suggestion that these regions are breeding grounds of bio-
logical novelty (Eichler et al. 1997; 1999) and may have con-
tributed to the increased complexity of the human proteome
relative to other sequenced eukaryotes (Eichler 2001).

To assess the impact of pericentromeric sequence move-
ment upon transcriptional activity, and investigate the rela-
tionship between sequence organization and chromatin state,
sequence data from rigorously assembled contigs, together
with experimental verification of in silico predicted gene
structures is required. While whole chromosome sequences
have included pericentromeric satellites as endpoints of con-
tig construction (Dunham et al. 1999; Hattori et al. 2000;
Deloukas et al. 2001), they have not included experimental
verification of linked putative genes. To date, only two analy-
ses of pericentromeric sequence organization have also inves-
tigated transcriptional potential. An analysis of 1 Mb of 10q11
between satellite 3 arrays and the RET proto-oncogene (Guy et
al. 2000) led to the suggestion that two distinct pericentro-
meric sequence domains exist on this chromosome arm—a
transcriptionally inert proximal domain rich in satellites and
interchromosomal duplications, and a distal, transcription-
ally active domain rich in intrachromosomal duplications.
Analysis of the Cat Eye syndrome critical region, which lies
distal of satellites on the long arm of chromosome 22, also
identified a proximal domain rich in interchromosomally du-
plicated DNA which is transcript poor (Footz et al. 2001).

To further investigate the association between interchro-
mosomal duplication, satellite sequences, and transcription,
we have extended our analyses to the short arm of human
chromosome 10. In this report, we describe the contig con-

struction, sequence generation, and transcriptional analysis
of ∼ 1.4 Mb of DNA linking pericentromeric satellites to genes
on 10p11. The proximal ∼ 560 kb of sequence consists of sat-
ellite arrays linked by interchromosomally duplicated DNA
with little evidence of transcriptional activity. The distal ∼ 890
kb contains over 30 transcripts, including a cluster of four
ZNF genes, together with all but one of the intrachromosomal
duplications identified within the sequence. These observa-
tions are strikingly similar to the sequence organization in
10q11, and support the domain model of pericentromeric se-
quence organization already proposed for this chromosome
(Guy et al. 2000). Furthermore, they indicate that the vast
majority of recent pericentromeric directed duplication
events on chromosome 10 are transcriptionally inert due, pre-
sumably, to the repressive effects of linked satellite sequences.
These results have important implications both for the role of
these rearrangements in gene formation, and for the comple-
tion of chromosome-wide sequencing efforts.

RESULTS

Contig Construction and Sequence Acquisition
A BAC contig linking pericentromeric satellites to genes in
10p11 was constructed by screening publicly available librar-
ies with markers from an existing 10p11 YAC contig (Jackson
et al. 1996; 1999; see Methods). Restriction fragment and se-
quence-based analyses of somatic cell hybrids (Tunnacliffe et
al. 1994) and 10p11 YACs (Jackson et al. 1996) were used to
distinguish 10p11 clones from paralogs on 10q (e.g., 14-kb
10p11-specific fragment in BACs 59J12 and 508N22; Fig. 1A)
and from paralogs on other chromosomes (e.g., 5-kb 10p-
specific fragment in BAC 291L22, Fig. 1B). Southern analyses
also confirmed that the BAC contig extended into the satellite
3 sequences present within the existing YAC contig (comi-
grating BAC and YAC fragments in Fig. 1C), and probably
extend beyond it into more proximal satellite sequences (frag-
ments specific to BAC 291L22; Fig. 1C). A further contig was
seeded following the identification of clones containing an
ALD paralog from 10p11 (bA453N3; Horvath et al. 2000a),
and was also found to contain satellite 3 sequences (data not
shown). The relative position of the two contigs within the
PFGE map could be established because all satellite 3 se-
quences on 10p11 are known to be confined to the 3-Mb
BssHII fragment which contains the centromeric 2.2-Mb �

satellite array, D10Z1 (See legend to Fig. 1D). The fact that the
satellite 3 arrays on this chromosome arm are approximately
150 kb in size (Jackson et al. 1996) made it unlikely that fur-
ther walking using BACs which terminate in satellite se-
quence would close the gap between the contigs. As a result,
mapping efforts were suspended and the tiling path shown in
Figure 1D was chosen from the full-depth contig (see http://
www.ncl.ac.uk/ihg/10p11.htm) and sequenced.

A total of 1,451,141 bp of finished sequence data were
generated (contigs of 1,165,101 bp and 286,040 bp, see Meth-
ods) which extends ∼ 250-kb proximal and 1 Mb distal of the
most telomeric array of classical satellite sequence in 10p11.1.
The larger contig spans the p arm cluster of the duplicated
ZNF genes which flank the centromere of this chromosome
(Tunnacliffe et al. 1993). The GC content of the entire se-
quence is 40.40%, and this remains relatively constant
throughout both contigs, reaching peaks of 45%–46% close to
the satellite 3 arrays. This is in contrast to the equivalent
region in 10q11, where a steady increase from ∼ 35%–∼ 55% is
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observed moving from centromeric satellites to the RET
proto-oncogene. (Guy et al. 2000). In total, 60.56% of the
sequence is accounted for by satellites and interspersed re-
peats, with satellites/simple repeats, SINEs, LINES, and LTRs
accounting for 11.33%, 14.03%, 24.66%, and 8.32% of the
sequence, respectively. The figures for interspersed repeats are
typical for human autosomal DNA (IHGSC 2001, Venter et al.
2001).

Proximal 10p11 Is Gene Poor
The principle gene-related features identified within the se-
quence are shown in Figure 2A and Table 1. There is un-
equivocal evidence for the existence of four genes in the se-
quence, ZNF33A, ZNF37A, ZNF25, and ZNF248, all of which
have been identified previously (Tunnacliffe et al. 1993). They
are all ZNF genes of the C2H2 KRAB subfamily and all have
CpG islands at their 5� ends. Northern analyses using probes
from the linker-coding region or 3� UTR of each gene con-
firmed that all are expressed in a wide range of adult tissues,

with multiple transcripts detected
for ZNF248, ZNF33A, and ZNF37A
(data not shown). The encoded pro-
teins are 579 (ZNF248), 456
(ZNF25), 810 (ZNF33A), and 561
(ZNF37A) amino acids in length,
with predicted molecular weights
of 67.1, 53.5, 94.4, and 65.4 kD, re-
spectively, while the KRAB domains
of these proteins show good agree-
ment with a KRAB consensus se-
quence (Agata et al. 1999), strongly
suggesting that they are able to re-
press transcription via interaction
with TIF1�. The zinc finger do-
mains contain seven (ZNF248) to
16 (ZNF33A) tandemly arrayed
Krüppel-type zinc fingers (see
http://www.ncl.ac.uk/ihg/10p11.
htm for details of gene structures
and KRAB domain alignment).

In addition to the ZNF genes,
there are 43 unassigned ESTs or EST
clusters which share >96% identity
to the 10p11 sequence (Table 2).
However, none of these are associ-
ated with large open reading frames
or ab initio gene predictions (with
the exception of pseudogenes such
as HSD17B7�), and ten contain in-
terspersed repeats. Furthermore,
alignment to related sequence
within the human draft (see Meth-
ods) indicated that 11 ESTs with
high identity to the sequence are
derived not from 10p11, but from
paralogous loci on other chromo-
somes. Strikingly, all 11 of these
ESTs are related to the proximal
half of the sequence (Table 1), leav-
ing only three bona fide ESTs
within the first 600 kb (AL045218,
AW499533, and AW854054) com-
pared to 36 Genes/ESTs in the distal

850 kb. This marked variation in transcriptional activity be-
tween the proximal and distal 10p11 sequence mirrors the
pattern previously established for the equivalent region of
10q11 (Guy et al. 2000).

To confirm transcription of these ESTs, 15 were analyzed
by RT-PCR using cDNAs derived from six adult and four fetal
human tissues. The results of these analyses are summarized
in Table 2 and examples of RT-PCR analyses are shown in
Figure 3. Ten primer pairs (∼ 30 kb in Ctg. 1, ∼ 133 kb, ∼ 351kb,
∼ 385 kb, 754 kb, 785 kb, 785 kb, 1062 kb, 1075 kb, and 1099
kb in Ctg. 2) produced amplification from one or more cDNA,
indicating diverse expression patterns, although transcription
could not be confirmed for 5 loci. It is possible that some of
these ESTs represent the 3’ termini of further genes, or func-
tional noncoding RNAs. However, the lack of gene structures
associated with these ESTs, the fact that only one is spliced
(AA927631, ∼ 350 kb Ctg 2), and the low number of ESTs in
each cluster (many represented by a single EST; Table 1), sug-
gests that many are likely to represent leaky or aberrant tran-
scription.

Figure 1 Construction of 10p11 contigs. (A–C) Southern hybridization analyses used to assess chro-
mosomal/regional origin of BACs. The map position/sequence content of reference YACs (y746H6,
y918F7, and y781C6) and a somatic cell hybrid (R342A4-B14) is given in parenthesis, and fragment
sizes are given in kilobase pairs (kb). All DNAs were digested with EcoR1. The 10p11 probes are defined
by their accession numbers and the satellite 3 probe used was pHS5 (Cooke and Hindley 1979). The
regional localization of all BACs sequenced was confirmed using these resources in combination with
FISH analyses (data not shown). (D) BAC tiling path in relation to known pericentromeric satellite
organization. The approximate position of BssHII (Bs) and BamH1 (B) sites which define the satellite
arrays (Jackson et al. 1993), and the duplicated ZNF genes which flank the centromere (Tunnacliffe et
al. 1993), are shown. The content of YACs and somatic cell hybrid used in panels (A–C) is also indicated
above the satellite map. All BACs in both contigs are from the RPCI11 library, with the exception of
R164I22, which was obtained from Research Genetics (see methods). The orientation of contig 1 and
the estimate of the gap size between the contigs is based on sequence identity, number, size, and
known position of satellite arrays (see text). The full depth contig from which tiling path 2 was chosen
can be viewed at http://www.ncl.ac.uk/ihg/10p11.htm.
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Satellite Arrays Are Confined to the Proximal 500
kb of Sequence
Chromosome 10 is one of the few human metacentric chro-
mosomes where the relative position of centromeric satellite
arrays has been accurately established (Jackson et al. 1993). To
integrate the sequence data with this information, Repeat-
Masker (http://repeatmasker.genome.washington.edu) and
Tandem Repeat Finder (Benson 1999) were used to character-
ize repeats within the two contigs (Fig. 2A and Table 3). The
termini of contig 1 are defined by satellite 3 arrays which are
∼ 25 kb and ∼ 78 kb in length, while the proximal termini of
contig 2 is defined by a ∼ 45 kb array of the same satellite.
Since it is known that there are two ∼ 150-kb arrays of satellite
3 in 10p11 (Jackson et al. 1993) one satellite block from each
contig is likely to be derived from the same array. Consistent
with this, the 78-kb array in contig 1 and the 45-kb array in
contig 2 have similar higher order periodicities (Table 3). This
allows us to tentatively infer the orientation of contig 1 (as
shown) and suggests that the gap between the two contigs
may be as little as ∼ 27 kb. There are only four other tandem
repeats >300 bp in length within the sequence: A CATTT re-
peat (similar to those identified in 10q11; Guy et al. 2000), a
highly homogeneous GC-rich repeat with a 49 bp periodicity
which is found in many subtelomeric regions, and a repeat
consisting of three tandem copies of a 121 bp sequence which
includes an Alu fragment. The most striking aspect of these
repeats is their distribution; they are confined to the proximal
third of the 10p11 sequence, with no tandem repeats in the
distal 930 kb of sequence. This is also very similar to the
pattern observed in the equivalent ∼ 1 Mb of 10q11 (Guy et al.
2000).

Eighty Percent of the 10p11 Sequence Is Duplicated
Elsewhere in the Genome
Pericentromeric regions contain an excess of duplicated DNA,
the organization and behavior of which remains poorly un-
derstood (Eichler 2001). To identify all human sequences
paralogous to 10p11, we queried the nonredundant (EMBL-
NR) and High Throughput Genomic (HTG) divisions of EMBL
with masked 10p11 sequence (see Methods). This identified
52 independent paralogs of the 10p11 sequence >5 kb in
length (Fig. 2B) and established that essentially the entire se-
quence, with the exception of a ∼ 280-kb tract containing the
ZNF25 and ZNF248 genes (positions 527698–808106 of con-
tig 2), has been recently duplicated within the human ge-
nome. An analysis of these paralogs, which share 87.9%–
98.3% identity to 10p11 sequence, is shown in Figure 4. The
majority of paralogs of sequences in contig 1 have been
mapped to pericentromeric locations within the human draft
and share between 95.1% and 98.3% identity to 10p11 (Fig.
4A). This suggests that they have evolved almost exclusively
through recent satellite-associated pericentromeric-directed
duplication events. Consistent with this, one or both termini
of identity between 10p11 and the majority of paralogs falls
within the satellite 3 sequence or the short CATTT repeat at
position 168–170 kb (Fig. 4A). Furthermore, all paralogs are
linked to satellite sequences such as � satellite, � satellite, or
hsrep522 either within the same BAC clone or within the
human draft (data not shown). Despite this, four of the para-
logs cannot be accurately placed within the draft (within
AC024036, AC069172, AC024972, and AC010791) and map
positions must be viewed as provisional given the frequency
of false overlaps and incorrect assignments within draft data

Figure 2 Overview of 10p11 sequence data. (A) Principle features of sequence: The position of known genes (Table 1) and pseudogene
fragments (http://www.ncl.ac.uk/ihg/10p11.htm), CpG islands, spliced and unspliced ESTs (Table 1), and tandem repeats (Table 3). The orien-
tation of gene transcription is indicated with white arrows. (B). Paralogs of the 10p11 sequence within the human draft. These have been divided
into interchromosomal (yellow) and intrachromosomal (blue). The position of each independent BLAST hit greater than 5 kb in length within the
EMBL-NR and EMBL-HTG databases are represented by a horizontal line. Both the extent of the BLAST hit within the 10p11 sequence (x-axis) and
the % identity to the 10p11 sequence (y-axis) is indicated (see Methods). Deletions and insertions within individual sequence matches are not
shown. (C) Summary map showing genes, satellite repeats, and duplications for reference with later Figures. Because satellite repeats anchor this
map, the physical scale of each contig is indicated in 100 kb intervals moving away from the centromere towards 10pter (right to left). For details
of sequence analysis see Methods. The sequence composition of the ∼ 27–600 kb gap between contigs 1 and 2 is unknown.
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(Bailey et al. 2001; Katsanis et al. 2001; Christian et al.
2002).

Capicua Pseudogenes Have Undergone Chromosome 7
and Telomere Specific Duplications
In contrast to paralogs of contig 1, most paralogs in the proxi-
mal region of contig 2 (which includes the HSD17�, CDC10,
and Capicua pseudogenes) map to subtelomeric regions of the

genome (e.g., 1q43, 19p13.3, 6p25.3, 4q26). Several pericen-
tromeric and interstitial paralogs also exist, including five loci
which have been mapped to chromosome 7 (Fig. 4B). Most of
these paralogs terminate at the satellite 3 sequence, or close to
the 49 bp repeat at position ∼ 80 kb (Table 3 and Fig. 4B),
implicating these repeats in the duplication process. Because
of the unusual genomic distribution of these paralogs, the
dynamics of duplication was analyzed further by constructing

Table 1. ESTs and Genes Within the 10p11 Sequence

Region of identity
(contig1), contig2

GenBank acc. no/
unigene cluster (No.)

%
match

Features
(repeat/gene name)

Genome origin
(if not 10q11)

(30269-30688) AL045218 99
(65078-69657) AI797613/Hs135840 (6) 98 4q24 (ap001860)
(70352-70426) AI740992/Hs133165 (3) 97 4q24 (ap001860)
(184338-183720) AW974557 98 2q11 (al445993)
48769-49073 AI284091 98 L1 1q42.11 (al365438)
63525-72216 AI971943 97 1p36.33 (ac004908)
85121-84555 BE145230 97 AluJo Multiple, Subtelomeric.
133098-132535 AW499533 100
140359-140839 AA195187 98 AluSp 4q26 (ac022702)
173552-151404 AW854054/Hs187579 (75)a 98 HSD17B7�
178360-177773 AI799915/Hs15248 (164) 99 1q23.3 (AC069037)
179950-180507 AI927669/Hs42392 (39) 99 1q23.3 (AL441926)
277316-277660 AA593504/Hs162587 (1) 97 1q43 (al360271)
294267-294626 AW015485/Hs341696 (1) 97 10p11.2 (al390956)
349457-349181 AW856442 100 HAL1
351871-365253 AA927631/Hs340030 (1) 99
352513-352875 AW072278 100 L1PA8
379608-379900 AI637955/Hs224979 (4) 99 L2
382137-382486 AA680406/Hs126913 (4) 99
385502-385916 AW301129/Hs318978 (1) 100
435627-406440 X69115/Hs54488 (10) 100 ZNF37A
519524-469848 X68687/Hs70617 100 ZNF11/33A
553075-580039 AK056452 100 ZNF25
672343-700930 AJ492196 100 ZNF248
709987-710637 BE387652/Hs57553 (181)a 98 TLK2�
700012-700440 HS562273 100
754102-754795 BE378519 99
785464-785056 AI248257/Hs149302 (1) 100
785930-785515 AI991440 100
771258-770961 AA923150/Hs148281 (1) 100 L1MC4
1062408-1062674 AA744917 100
1073813-1074078 BE064203 100
1075595-1075848 BE063630 99
1076792-1076582 AI393188 100
1099274-1099737 AA921809/Hs132449 (3) 99
1100666-1101084 BE063346 99
1101637-1101938 AA725605/Hs293102 (2) 100 AluJ
1111674-1111962 AI902319 100
1126559-1126868 BE008091 100
1132040-1132647 AI905942 100 MER5A + 5B
1133889-1134201 BE069326 100
1135128-1135707 BE061064 100 MIR
1138066-1139146 BE072345 100 L2
1139874-1140174 AI906585 100
1145135-1145244 BE072230 100 MLT1H1
1147376-1147687 AA632089 100
1149924-1150010 AW175720 100 MIR

ESTs were identified by using BLAST to query the Swissprot, TREMBL, Unigene, and dbEST databases. ESTs were defined as genes if they
coincided with either ab initio gene predictions or protein similarity and an intact ORF. ESTs were defined as pseudogenes if they coincided
with protein similarity and a disrupted ORF relative to the known protein. Details of gene fragments (similarity to part of known protein, no
ESTs) can be found at http://www.ncl.ac.uk/ihg/10p11.htm. No consistent ab initio gene predictions were obtained in the absence of ESTs.
The position of each feature within contig 1 (parenthesis) and 2 are shown, together with accession number and unigene cluster information.
The % identity of the ESTs to 10p11 are also shown (% match over >80% of EST length). AA927631 (351871-365252) is the only anonymous
EST which is spliced.
aOnly two ESTs within the TLK2 cluster (BE367652, AV706880) are derived from the 10p11 pseudogene and only four ESTs from the HSD17B7
cluster (BG199997, BG189163, AI351558, BG182213) are derived from the 10p11 pseudogene.
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a maximum likelihood tree from a 3293-bp alignment of 15
paralogs of the Capicua pseudogene (Fig. 4C). All five chro-
mosome 7 paralogs form a distinct clade with relatively long
terminal branches (0.009–0.016 substitutions/site; Fig. 4C),
while five of the subtelomeric loci (11p15.5, 19p13.3, two loci
in 6q25.3, and 20q13.33) form a separate clade with much
shorter internal branches (0.002–0.003 substitutions/site).
This suggests that two distinct duplication processes have had
a major influence on the distribution of this pseudogene fam-
ily—a series of intrachromosomal events on chromosome 7,
followed by more recent interchromosomal events between
subtelomeric regions. If we assume a neutral subsitution rate
of 1.5 � 10�9 to 2.0 � 10�9 per site per year (Miyamoto et al.
1987; Sakoyama et al. 1987), the branch lengths suggest that
the most recent subtelomeric interchromosomal duplications
have occurred as recently as 1.0–1.3 Myr ago, whereas the
chromosome 7 loci have been involved in exclusively intra-
chromosomal events for at least the last 13–17 Myr.

Although the general patterns of duplication are clear
from this analysis, the precise origin of the 10p11 sequence
cannot be inferred as low bootstrap values fail to resolve the
relationship between the 10p11, Yq11.23, and 4q26 se-
quences. Despite this, published comparative FISH analyses
using phage clones from 10p11 have provided evidence of
sequence duplication both to and from 10p11. Two probes
approximately 30 kb distal of the Capicua pseudogene (∼ 110
kb in contig 2) hybridized to multiple sites in Great Ape chro-
mosomes including regions syntenic to human 10p11, 7cen,
and 9ptel, but gave a single hybridization signal in a region
syntenic to HSA 7 cen in three Old World monkey species,
consistent with sequence dissemination from a pericentro-
meric chromosome 7 progenitor (probes 746Y1.20 and
746Y1.27; Jackson et al. 1999). The >94.8%-identity shared
between the Capicua paralogs is consistent with duplication

after the ape/OldWorld monkey divergence (Li et al. 1996). In
contrast, a more distal probe, derived from position 210 kb of
contig 2, gave two hybridization signals equivalent to 10p11
and 1qtel in human, chimp and gorilla, but only a single 1qtel
signal in orangutan and macaque (probe 746Y1.6; Jackson et
al. 1999). This suggests that a duplication of material from
1qtel to 10p11 has occurred after the divergence of orangu-
tans from other apes, consistent with the ∼ 98% sequence
identity shared between the 10p11 and 1qtel sequences
(AL583845 in Fig. 4B). However, it is currently unclear if the
physical separation of the paralogs on 1q (1q43.3 and 1q24.2;
Fig. 4B) is the result of two independent 1:10 duplications, or
of rearrangement within chromosome 1 subsequent to a
single 1:10 duplication.

Distal 10p11 Is Enriched for
Intrachromosomal Duplications
In contrast to the interchromosomal paralogs of the proximal
sequence, the distal 850 kb contains seven out of the eight
paralogs which are present in other regions of chromosome
10. (Fig. 2B,4D). Out of ∼ 460 kb of duplicated DNA within this
region, only ∼ 35 kb shares high identity to sequence on other
chromosomes. Two of the intrachromosomal paralogs have
been partially characterized previously (Tunnacliffe et al.
1993; Jackson et al. 1996). The larger of these contains the
ZNF33A and ZNF37A genes, is 228970 bp long, extends from
nucleotides 298727–527697 of contig 2, and shares 93.4%
identity to 10q11. The smaller extends from nucleotides
808107–895076 and shares 89.9% identity to 10q11. The dif-
ferent sequence identities to 10q11, together with the fact
that these duplications are in different orientations relative to
their 10q11 counterparts, supports the hypothesis that these
have been created by two independent events (Jackson et al.

Table 2. RT-PCR Analysis of 10p11 Genes and ESTs

Position in
(contig1), contig2

GenBank acc. no/
unigene cluster

Expression

K L B H T Li FL FB FH FK

(30269-30668) AL045218 � � � � � � � � + �
133098-132535 AW499533 + + + � + � � � + �
351871-365253 AA927631/Hs340030 � � � � � � + + � +
382137-382486 AA680406/Hs126913 � � � � � � � � � �
385502-385916 AW301129/Hs318978 + � + � + � + + � +
435627-406440 ZNF37A + + + + + + + + + +
519524-469848 ZNF33A + + + + + + + + + +
553075-580039 ZNF25 + + + + + + + + + +
672343-700930 ZNF248 + + + + + + + + + +
700012-700440 HS562273 � � � � � � � � � �
754102-754795 BE378519 + � + � + + � � � �
785464-785056 AI248257/Hs149302 + � + � + + � � + �
785930-785515 AI991440 + � + � + + � � � �
1062408-1062674 AA744917 � � � � � � � � + �
1073813-1074078 BE064203 � � � � � � � � � �
1075595-1075848 BE063630 + � � � + � � � � �
1076792-1076582 AI393188 � � � � � � � � � �
1099274-1099737 AA921809/Hs132449 � � � � + � � � � �
1100666-1101084 BE063346 � � � � � � � � � �

+ expression, � no expression. The cDNAs were derived from the following tissues: K—kidney, L—lung, B—brain, H—heart; T—testis,
Li—Liver, FL—fetal lung, FB—fetal brain; FH—fetal heart, FK—fetal kidney. We have confirmed that all transcripts are derived from chromosome
10 by using the appropriate RT-PCR primers to analyse a monochromosomal somatic cell hybrid panel (not shown). Chromosomal origin was
not confirmed for ESTs/EST clusters where expression was not analysed by RT-PCR. Primer sequences can be found at
http://www.ncl.ac.uk/ihg/10p11.htm.
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1999). In addition, a further five smaller intrachromosomal
paralogs related to sequence in the distal ∼ 350 kb region have
been identified (Fig. 2B). These paralogs map to 10p11.2, ap-
proximately 1–2 Mb telomeric of the sequence presented
here, and to 10p13–14 (Fig. 4D). Three interchromosomal
paralogs were also identified in this region (17q11.2, 5p14.3,
and 8p11.2). Interestingly, there is a gradient of sequence
identity moving away from the centromeric satellites. The
paralogs within the proximal 520 kb share 95.1%–98.3% se-
quence identity to 10p11, whereas the predominantly chro-
mosome 10 specific paralogs related to the distal 850 kb share
87.9%–93.4% identity to 10p11, indicating that the most re-
cent duplication events have been interchromosomal events
involving sequences flanking the satellites. Similar gradients
in sequence identity have been observed previously in the
pericentromeric regions of 10q (Guy et al. 2000), 22q (Bailey
et al. 2002), and at the telomere of Xq (Ciccodicola et al.

2000), suggesting that this may be a genome wide phenom-
enon.

Intrachromosomal Duplication Has Created One
Primate Specific Gene
While there is no evidence of recent gene formation within
the interchromosomal duplications, several lines of evidence
indicate that both the ZNF33A and ZNF33B genes, which lie
within the ∼ 230 kb 10p11 and 10q11 intrachromosomal du-
plications respectively, are transcribed and translated. These
include the existence of numerous ESTs specific for each gene
(Guy et al. 2000), intact open reading frames, and conserva-
tion of both the core residues and spacing of the KRAB and
zinc finger domains in both predicted proteins (Tunnacliffe et
al. 1993). Notably, seven of the sixteen zinc fingers differ by
substitutions at positions predicted to be important for base
recognition (i.e., positions �1, 2, 3, or 6, relative to the N-
terminus of the � helix; data not shown), suggesting that this
duplication has given rise to a primate specific gene, and that
one or both of these proteins has diverged to recognize a new
target sequence.

The ZNFA/B duplication occurred at around the same
time as the split between the human and Old World monkey
lineages ( ∼ 20–30 Mya), although there is no evidence of posi-
tive selection as the ratio of nonsynonymous to synonymous
substitutions between the two complete coding sequences is
0.725 (Hearn 2000). To further investigate the evolution of
ZNF33A and ZNF33B, we generated sequence data from the
orthologous gene in species that diverged from the human
lineage before the ZNFA/B duplication occurred. PCR primers
for the zinc finger-coding region were tested on total genomic
DNA of pygmy marmoset, slender loris, pig, and pilot whale.
Single products of the expected size were amplified from all
species and sequenced. Conceptual translations of the se-
quences obtained are aligned with the human protein se-
quences (hZNF33A and hZNF33B) shown in Figure 5. This
analysis shows that the gene fragment amplified from each
species is more similar to hZNF33B than to hZNF33A. Within
the region compared, the human proteins differ at 11 posi-
tions, and at ten of these positions all homologues analyzed
agree with the sequence of hZNF33B. This indicates that fol-
lowing the ZNFA/B duplication, ZNF33B remained under the
selective constraints imposed on the ancestral ZNF33 gene,

Table 3. Tandem Repeats >300 bp in 10q11

Position in 10p11
sequence

Shortest high
scoring periodicity

No. of
repeats

%
matches

%
indels

Consensus length of
other periodicities

Repeat sequ
repeat na

(1-25435) 5bp 1001.4 70 0 10bp/26/98bp GGAAT Sate
(168190-170696) 5bp 487.8 66 21 13bp/18/23bp CATTT
(207701-285997) 5bp 1000.4 53 15 10bp/15bp etc. GGAAT Sate

1-46495 5bp 995.8 69 4 10bp/15bp etc. GGAAT Sate
79169-80644 49bp 30.3 92 1 —
170593-170958 121bp 3 87 2 —

Tandem repeats were identified with Tandem Repeat Finder using both stringent and relaxed search parameters (Benson 1999). Because repeat
arrays are not homogeneous, a number of details are shown. The position in the sequence (column 1) indicates the extent of the entire array.
The No. of repeats, % match, and % indels (columns 3–5) refer to the region defined by the shortest high scoring periodicity and not the entire
array. Significant higher order periodicities are also shown, with the highest scoring periodicity being underlined and embolden. The 121bp
repeat includes a 36bp Alu fragment. The sequence of the 49bp repeat is: GGCCGGTGTGAGGCAAGGGGCTCACGCTGACCTCTGTCAGCGT
GGGAGG.

Figure 3 RT-PCR analysis of 10p11 ESTs. The tissue source of each
cDNA used is shown above the panels (see Table 2 footnote). The EST
accession number is given together with position in the sequence
(contig 1 in parenthesis). The expected PCR product size is indicated
with an arrow shown to the right of each panel. The (+ ive) control
lane shown in all experimental panels is genomic DNA. No amplifi-
cation is observed in the AA927631 genomic DNA control (B) as the
expected size for this spliced EST is 13,248bp. The sequences ampli-
fied in (A) and (C) are contiguous with genomic DNA. The origin of
the larger-than-expected amplification product in Fetal Brain and Fe-
tal Heart (C) is unknown. Each experiment was performed in duplicate
(not shown).
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and that ZNF33A has diverged significantly and may now be
capable of identifying a distinct target sequence.

DISCUSSION
We have constructed and sequenced a BAC contig which links
classical satellites to genes on the short arm of human chro-

mosome 10, and analyzed both transcriptional activity and
the distribution of duplications within the sequence. In con-
junction with previous work (Guy et al. 2000), the data pre-
sented here represents the first structural and transcriptional
analysis of both extremities of a human centromeric region,
and as such provides an opportunity to investigate higher
order structure within these complex and unstable areas of
the genome.

Figure 4 Genomic origin of human paralogs of the 10q11 sequence. Each independent BLAST hit greater than 5 kb in length within the
EMBL-NR database is shown. Regions of high identity to the Repeatmasked 10p11 sequence are indicated by black lines. The % identity to the
10p11 sequence, the accession number, and the position within the current human draft (where known) are also indicated. The appropriate
portion of the 10p11 summary map (Fig. 2C) is shown for reference, together with the identity of specific repeats (Table 3). (A) Paralogs of contig
1. (B) Paralogs of proximal ∼ 200 kb of contig 2. (C) Maximum likelihood analysis of Capicua pseudogenes from Fig. 4B, constructed using a 3293bp
alignment spanning nucleotides 74113–77345bp of contig 2. All nodes have >90% bootstrap support with the exception of the three nodes
marked with an asterisk. For details of tree construction see Methods. (D). Paralogs of distal 900 kb of contig 2.
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10p11 and 10q11 Have Similar Structural Features
Our previous analysis of ∼ 1 Mb of 10q11 sequence linking
classical satellites to the RET proto-oncogene identified two
distinct sequence domains. The proximal, transcriptionally
inert, domain consisted of satellites interspersed with inter-
chromosomal pericentromeric duplications while the distal,
transcriptionally active, domain contained no satellites and
duplications which were principally intrachromosomal (Guy
et al. 2000). The data presented here are consistent with this
two-domain structure. Satellites are confined to the proximal
600 kb, which contains only ∼ 10% of the 10p11 specific tran-
scripts (3/32), but ∼ 93% of the interchromosomal paralogs
(40/43). In contrast, the distal 850 kb of sequence contains
four genes, supporting evidence for a further 29 transcripts
(albeit of questionable function), and contains seven out of
the eight intrachromosomal duplications. These results con-
firm the association, observed in 10q11, between interchro-
mosomally duplicated satellite-rich DNA and transcriptional
inactivity, and are consistent with satellite sequences in
10p11 inducing heterochromatin formation and repressing
localized transcription. The fact that transcriptional activity is
observed in the distal 10p11 sequences further suggests that,
as in 10q11, the transition from multicopy interchromosom-
ally duplicated DNA to chromosome-specific duplications ap-
proximates to a heterochromatin/euchromatin boundary.

A striking difference between the 10p11 and 10q11 se-
quence is the large tract of 10p11 sequence with high identity
to telomeres. The combination of sequence and FISH data
(Jackson et al. 1999) suggests that this has involved the recent
duplication of subtelomeric sequences from 1qter into 10p11.
Although noteworthy, the existence of telomeric repeats
within pericentromeric DNA was established before genome
wide sequencing (Vocero-Akbani et al. 1996) and there are
several well-characterized examples of sequence movement
between pericentromeric and subtelomeric DNA (e.g., van
Geel et al. 2002; Martin et al. 2002). These homologies may be
of no consequence. However, the suggestion that pericentro-
meric-directed duplication could be involved in the repair of
double strand DNA breaks (IHGSC 2001) raises the possibility
that they may represent the products of the repair of broken

chromosome ends. Alternatively,
the duplication of DNA from re-
combinationally inert centromeres
to recombinationally highly active
telomeres could represent a novel
way of removing functional genes
from the cumulative effect of
ratchet-like mutational processes
(Muller 1964) which have been im-
plicated in the degeneration of re-
combinationally inactive sequences
on the Y chromosome (Charles-
worth 1991), and which could
place a heavy mutational burden
on genes within pericentromeric se-
quences which are also recombina-
tionally suppressed. Due to the in-
complete nature of draft data in the
telomeric and pericentromeric re-
gions of most human chromo-
somes, however, any systematic
analysis of this phenomenon will
have to await the publication of fin-
ished human sequence.

Interchromosomal Comparison Implies Simple
Heterochromatin/Euchromatin Boundaries
Although chromosome 10 is the first human chromosome
where transcription at the transition between satellites and
genes has been analyzed on both arms, a transcriptional
analysis of the Cat Eye Syndrome critical region (CECR), distal
of pericentromeric satellites on 22q11, has also been per-
formed (Footz et al. 2001). The most proximal 400 kb of this
sequence was also found to consist of transcript poor, peri-
centromeric-duplicated DNA. Neither of the two putative
genes identified in this region (CECR7 and CECR8) contain
large ORFs, while many CECR7 ESTs were found to be derived
from paralogous loci on other chromosomes (Footz et al.
2001). In contrast to these results, a total of 41 genes have
been annotated proximal of pericentromeric satellites within
the finished sequence from chromosomes 20, 21, and 22
(Dunham et al. 1999; Hattori et al. 2000; Deloukas et al.
2001). This appears inconsistent with the satellite-induced
transcriptional inactivity proposed here. However, these
datasets can be reconciled with our own when it is realized
that 35/41 of the annotations on these chromosomes are
based solely on similarity to known proteins, or intron/exon
structures in the absence of spliced EST support. The inclusion
of annotations with no spliced EST support is justified for
whole chromosome analyses as the identification of all pos-
sible genes is a clearly stated priority. However, we have de-
liberately discounted these annotations because of the high
likelihood that in pericentromeric regions they represent un-
processed pseudogenes and gene fragments which have been
duplicated from other loci.

To allow a direct comparison between datasets, we have
removed annotations with no spliced EST support from the
most centromeric 1 Mb of chromosomes 20, 21, and 22 and
present the remaining annotations in Fig. 6. Using these strin-
gent criteria, only 6 gene structures proximal of satellite se-
quences on chromosomes 20, 21, and 22 remain. Two of
these, members of the TPTE (Chen et al. 1999) and BAGE

Figure 5 Evolutionary analysis of duplicated ZNF genes. Conceptual translation of ZNF33 orthologs
aligned with ZNF33A and ZNF33B. Differences to hZNF33A are highlighted in grey. Putative base-
contacting residues of each zinc finger (positions �1, 2, 3, and 6 relative to the start of the � helix) are
indicated below the alignment. The core residues of each zinc finger are in bold. The ZNF33 genes
were originally defined by two incomplete cDNAs, ZNF11 and ZNF33, before their duplicated status
was known (Thiesen 1990). ZNF33A and ZNF33B have been previously defined as ZNF11/33A and
ZNF11/33B for this reason (Jackson et al 1996; 1999).
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(Boel et al. 1995) gene families, are present on the short arm
of chromosome 21 and are specifically expressed in testis and
testis/neoplastic tissues respectively. The precise position of
these relative to centromeric satellites is unclear. None of the
other four annotated genes proximal of satellites, ap000526.1
and ap000523.c22.4 on 22q11, and FRGL and c20orf91 on
20q11, are known genes. Ap000526.1 is a paralogous frag-
ment of the KIAA0187 gene defined by a single spliced EST
from testis, AA725634 (Dunham et al. 1999; Crosier et al.
2002). Ap000523.c22.4 is defined as a gene on the basis of a
single 2792bp cDNA also derived from testis which has nine
mismatches with the chromosome 22 sequence. Although it
has numerous open reading frames, the largest is only 59
amino acids long. FRGL is closely related to the FRG gene on
4q26 and the current ENSEMBL in silico annotation
(ENSG00000149531) is a 9 exon structure with the potential
to encode a 179 amino acid protein truncated at both the 5�

and 3� end relative to FRG. However, all ESTs which are de-
rived from the 20q locus (identified by sequence alignment,
see legend) have a frameshift mutation not predicted by the
in silico annotation due to the fact that exon 4 of the putu-
tative transcript is not present within the ESTs. Furthermore,
these ESTs fall within cluster 1 of an analysis of FRG-related
transcripts by Grewal et al. (1999), which concluded that all
FRG-related transcripts are derived from pseudogenes. Finally,
the only spliced EST which defines C20orf91 (AW135038)
contains a retroviral LTR and differs from the chromosome 20

sequence at six nucleotides out of
460. Thus, with the exception of
TPTE and BAGE on the short arm of
chromosome 21, the status of all of
the gene structures proximal of
pericentromeric satellites remains
questionable. It is also noteworthy
that a significant number of anno-
tations close to satellites are based
on expression observed in testis
and/or neoplastic tissue, both of
which are known to have unusual
expression patterns relative to other
tissues (Alizadeh et al.; Kleene 2001
2001). This has significant implica-
tions both for the potential these
sequences have for gene formation,
and for the closure of human se-
quence maps.

New Genes Are Unlikely To
Be Created Proximal of
Pericentromeric Satellites
Sequence exchanges within and be-
tween both subtelomeric and peri-
centromeric DNA have been pro-
posed as a major source of biologi-
cal novelty during the evolution of
complex organisms (Trask et al.
1998; Eichler 2001). The impor-
tance of tandem and intrachromo-
somal duplication in the expansion
and diversification of eukaryotic
gene families is clear (e.g., Gu et al.
2002). A startling example of the

speed of such expansion is the Morpheus gene family, which
has expanded and been subject to strong positive selection
within the last 25 Myr (Johnson et al. 2001). In our analysis,
we have established both that a novel gene has been formed
(either ZNF33A or ZNF33B) and that only one of these,
ZNF33A, has diverged significantly since duplication. This
suggests that ZNF33B has continued performing the ancestral
function, while ZNF33A has evolved to identify a different
target sequence. There is also a well-characterized precedent
for gene creation at telomeres within other eukaryotes (van
der Ploeg et al. 1992), and both the existence of highly ex-
pressed genes which have been duplicated between telomeres
(Flint et al. 1997; Ciccodicola et al. 2000) and the relocation of
active genes from one telomere to another (vanGeel et al.
2002) have been reported in primates.

While the role of tandem and intrachromosomal dupli-
cation in human gene evolution is overwhelming, and there
is growing evidence for the role of telomeric instability, the
role of pericentromeric interchromosomal duplication re-
mains more speculative (Eichler et al. 1997; 1999; Eichler
2001). Our conclusion that sequences flanking pericentro-
meric satellites appear to be transcriptionally inert strongly
suggests that the vast majority of pericentromerically directed
duplication events will result in the creation of heterochro-
matic sequences. If the juxtaposition of different duplications
has contributed to biological novelty it seems likely that this
process would be confined to the numerous segmental dupli-

Figure 6 Comparison of 10p11 with other human pericentromeric sequences. Annotations were
taken from Deloukas et al. 2001; Hattori et al. 2000; Dunham et al. 1999; Guy et al. 2000; and Bailey
et al. 2002. Additional annotations from the working draft April 2001 freeze (http://
genome.ucsc.edu/) and ongoing chromosome specific programs (http://hgp.gsc.riken.go.jp/
data_tools/data_chr21_seq_annotation.html, http://www.sanger.ac.uk/cgi-bin/humace/
SuperMap22/) were also analyzed. Only gene annotations supported by both spliced ESTs and ab initio
gene predictions are shown. These were analyzed further by aligning the ESTs which define the gene
to all closely related genomic sequences within the human draft. On the basis of this, C20orf191 and
MLLT10L, which map proximal of satellite sequences on chromosome 20 (Deloukas et al. 2001), were
discounted as the ESTs which define these genes only share ∼ 95% identity to the chromosome 20
genomic sequence. The positions of major interchromosomal and intrachromosomal duplications are
shown in dark and light grey respectively. The intrachromosomal duplications on 20p and 20q have
also been duplicated interchromosomally. 526.1–ap000526.1, c22.4–ap000523.c22.4.
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cations/rearrangements which occur outside pericentromeric
domains (Bailey et al. 2001). In this respect, it is interesting
that only one of the 11 transcripts created or modified as a
result of recent duplications on chromosome 22 maps within
pericentromeric duplications (Bailey et al. 2002). This puta-
tive gene (AK001299; Fig. 6) is not within the most recent
duplications as it maps ∼ 200 kb distal of pericentromeric sat-
ellites. It consists of 3 exons totalling 1627bp, but has a pre-
dicted ORF of only 98 amino acids. Furthermore, it is defined
by only two ESTs (AK001299 and AU126316), both of which
were derived from a teratocarcinoma cell line after 48 h in-
duction with retinoic acid, raising the possibility that it is not
expressed in normal tissue.

The results presented here, together with a stringent re-
assessment of annotations within finished pericentromeric
sequence (Fig. 6) suggest that for pericentromeric-directed du-
plication to create new genes, an advantageous gene structure
would have to be both created within a pericentromeric do-
main and rapidly relocated to a more open chromatin envi-
ronment before mutation disrupted the open reading frame.
Although extremely unlikely, there are several mechanisms
which could result in precisely this course of events. First, the
existence of a gradient in sequence identities close to centro-
meric satellites (Guy et al. 2000; Bailey et al. 2002; this study)
suggests that the most recent pericentromeric-directed dupli-
cation events can displace previously duplicated sequences
towards the telomere, away from the repressive effects of sat-
ellites. The high density of interchromosomal segmental du-
plications close to centromeres on numerous chromosomes
could then provide the medium for rapid dissemination of
any advantageous transcript. Second, chromosomal rear-
rangements during primate evolution which involve the loss
of a centromere, such as chromosome fusion (Fan et al. 2002),
provide an avenue through which chromatin at an inactive
centromere could be rapidly remodeled, releasing novel com-
binations of exons from a transcriptionally repressive envi-
ronment. Finally, the recent evidence that primate centro-
meres frequently move position within a chromosome with
no signs of chromosomal rearrangement (Ventura et al. 2001)
suggests that the large heterochromatic domains associated
with these structures may be subject to chromatin remodeling
with much higher frequency than previously thought. As a
result, the indirect contribution of pericentromeric-directed
duplication to gene creation remains very plausible on an
evolutionary timescale.

Pericentromeric Satellites Are Logical Termini for
Whole Chromosome Sequence Maps
All human sequence maps which have been presented as fin-
ished contain gaps due to the under-representation of some
sequences within libraries, and the difficulty of accurately
mapping highly repetitive sequences. Most of these gaps lie
within 2 Mb of either a centromere or telomere (Dunham et
al. 1999; Hattori et al. 2000; Deloukas et al. 2001) due to the
high local density of repeats and duplications. Closure of
maps in these regions can, therefore, involve significant ef-
fort. While the telomere represents a clear endpoint for se-
quencing efforts, the logical terminus of sequencing efforts at
centromeres is not so obvious. The work presented here and
elsewhere (e.g., Schueler et al. 2001) has established that con-
tiguous sequence can be generated from the most repetitive
centromeric satellites, but that it requires significant invest-
ment of resources as it is not open to the extensive mapping

technologies currently employed by sequencing centers (Wa-
terson et al. 2002).

With the attention of human genome sequencing now
focusing on the closure of sequence maps it is appropriate to
ask if contiguous sequence from satellite-rich pericentromeric
regions is required or desirable for all chromosomes. Numer-
ous heterochromatic loci have been defined in both Dro-
sophila and Arabidopsis through genomic sequencing (Adams
et al. 2000; The Arabidopsis Genome Initiative 2000), raising
the possibility that similar loci exist within the human ge-
nome. However, the existence of Drosophila heterochromatic
loci had already been established through genetic mapping
(Gatti and Pimpinelli 1992), while the density of genes within
the centromeric regions of Arabidopsis ( ∼ 1 gene every 100 kb),
and their presence within recognizable islands of unique se-
quence, made their identification both straightforward and
cost effective. In contrast, all sequence data to date, including
the work presented here, suggests that human centromeric
regions are devoid of unique sequences (Hattori et al. 2000;
Deloukas et al. 2001; Bailey et al. 2002), while estimates of the
physical size of centromeric satellite arrays indicates that col-
lectively they could span over 120 Mb of DNA (Lee et al.
1997). A search for human heterochromatic genes through
sequencing would, therefore, be a complex and time consum-
ing undertaking. Furthermore, it may not be necessary, since
we would expect these genes to be represented within EST and
cDNA databases where they could be easily identified for sub-
sequent targeted analysis by comparison with the genomic
sequence. From a gene identification point of view, therefore,
blocks of pericentromeric satellite appear to represent logical
minimal end points for genomic sequence generation due to
diminishing return on investment.

However, while cataloguing all human genes is of central
importance, it is not the sole rationale for genomic sequenc-
ing (IHGSC 2001; Venter et al. 2001). The novel duplication
and homology-dependent mutational mechanisms enriched
within pericentromeric regions of the genome have proved to
be one of the major surprises of the human genome sequence
(IHGSC 2001). If we are to fully understand the tempo and
mode of these events during primate and eukaryotic evolu-
tion, it is clear that high quality reference sequences of hu-
man and of other organisms will be required. The generation
of high quality data from pericentromeric regions of the hu-
man genome (Eichler 2001) and the closure of other “fin-
ished” genomes (Mardis et al. 2002) therefore remain highly
desirable goals.

METHODS

STS Development, Contig Construction and
BAC Sequencing
STSs used in BAC contig construction were developed from
plasmid subclones derived from YACs (Jackson et al. 1999)
and from the ends of BACs. YAC subclones were PCR-
amplified using primers which flank the multiple cloning site
and purified using Quiaquick PCR purification kits (QIAGEN)
according to manufacturer’s instructions except that DNAs
were eluted in water. Approximately 100 ng of template was
used for each sequencing reaction. All sequencing reactions
were performed using an ABI PRISM BigDye cycle sequencing
kit according to manufacturer’s instructions (PE Applied Bio-
systems) and were analyzed using an ABI377 (PE Applied Bio-
systems). Primers were designed using PrimerSelect software
(DNAstar). Sequence alignments were performed using the
Megalign software package (DNAstar). High density filters of
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the RCPI11 human BAC library (http://www.chori.org/
bacpac/) were screened with eight probes (367M1.4,
ZNF32SPC, 746l3/1, WI-16960, ZNF37A, 746B/B4A, 746Y1.6,
746Y1.32, and 746Y1.27 in Jackson et al. 1999 and http://
www.ncl.ac.uk/ihg/10p11.htm) according to recommended
protocols. A further marker, AFM295SC3, which contains in-
terspersed repeats, was used to screen commercially available
PCR pools (Research Genetics) according to manufacturer’s
recommendations. Clone overlaps were then confirmed by
screening with additional markers from the region and by
FISH (Jackson et al. 1999). A second contig was constructed
around a chromosome 10 ALD paralog (453N3, Horvath et al.
2000a). Because pericentromeric regions are highly repetitive
and 10p11 contains material related to 10q11 sequence,
markers were routinely tested against somatic cell hybrids
which contain chromosome 10p or 10q as their only human
component (Tunnacliffe et al. 1994). Duplicated or repetitive
markers were analyzed by a combination of restriction site
analysis (Fig. 1) and direct sequencing of PCR products (Ac-
cession nos.: AJ275023–AJ275036). The tiling path was cho-
sen following DNA fingerprinting and sequenced to greater
than 99.99% accuracy as described previously (Dunham et al.
1999; IHGSC 2001).

Sequence Analysis
The finished sequence was subjected to the standard Sanger
Centre automated analyses (http://www.sanger.ac.uk/HGP/
Humana/human_analysis.shtml) and imported into an
ACeDB database (http://www.sanger.ac.uk/HGP/Humana/
ACE.shtml) to allow interactive interpretation of results. In
addition, the sequence was split up into overlapping 50 kb
and 100 kb sections and analyzed using NIX (Williams et al.
1998). Interspersed and tandem repeats were identified using
Repeatmasker (http://repeatmasker.genome.washington.edu/
cgi-bin/RM2_req.pl) and Tandem Repeat Finder (Benson
1999). Similarities to existing genomic, EST, and protein se-
quences were identified by using repeat-masked 10p11 se-
quence to query Swissprot, TREMBL and EMBL-NR, and
EMBL-HTG databases with the BLAST family of programs
(Altschul et al. 1990; 1997). Overlap between clones was also
analyzed using Gdot (an in-house dot matrix program). The
GC content and distribution of interspersed repeats was es-
tablished by using RepeatMasker to analyze overlapping 20 kb
sequence files with a 16-kb overlap, which were generated
using in-house software. Paralogous sequences within the se-
quence identified by BLAST were viewed using both Parasight
(Bailey, unpubl.) and NIX. Only paralogs >5 kb in length were
analyzed further. To remove redundancies, entries with para-
logs structurally related to 10p11 (defined by Parasight and
NIX) were compared to each other using Gdot and Align
(Pearson and Lipman 1988). Paralogs which could not be dis-
tinguished from each other on the basis of sequence identity
(taken as >99.0% identity), or on the basis of structural dif-
ferences (e.g., different linked sequence), were assumed to be
from the same locus and excluded from further analyses. The
remaining independent paralogs were then individually com-
pared to the 10q11 sequence using Gdot and Align. Sequence
divergence was estimated using Alignscorer (Horvath et al.
2000a). This analysis may underestimate the true number of
paralogs present within draft sequence.

RT-PCR Analysis
A panel of 8 cDNAs derived from adult tissues (Clontech) were
analyzed according to manufacturer’s recommendations.
Primer information can be found at http://www.ncl.ac.uk/
ihg/10p11.htm.

Phylogenetic Analysis
PAUP version 4.0b10 (Sinauer Associates) was used to con-
struct a maximum-likelihood tree using an exhaustive search
method under an HKY85 model of molecular evolution (Ha-
segawa et al. 1985). Estimates of the � distribution of among-
site rate variation and the proportion of invariant sites were
then obtained and one round of Tree Bisection and Recon-
nection was performed. A neighbor-joining bootstrap of 1000
replicates was then performed using the maximum likelihood
setting obtained by the above procedure. Insertions and de-
letions were considered missing data and excluded. Maxi-
mum parsimony analyses were also performed, and produced
an almost identical topology (not shown).

Comparative Sequencing
To identify ZNF33 orthologs, cross-species PCRs were per-
formed using the zinc finger-coding region primers D31ZNFL
(CCATAAGTCAGCCCTCACATTA) and D31ZNFR (AT
GCCTGGTGAGTACTGACTTG). Pygmy marmoset and slen-
der loris genomic DNA was extracted from tissue obtained
from the Institute of Zoology, London. Pig and pilot whale
total genomic DNAs were provided by Dr. W. Amos, Depart-
ment of Zoology, University of Cambridge.
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